The corticospinal tract contributes to the control of finger muscles during precision and power grip. The involvement of different sets of cortical interneuronal circuits during these distinct grasping behaviors remains unknown. To examine this question in humans we used noninvasive transcranial magnetic stimulation (TMS) over the hand representation of the primary motor cortex to elicit motor evoked potentials (MEPs) in an intrinsic finger muscle during index finger abduction (control task), precision grip, and power grip. The TMS coil was oriented to induce currents in the brain in the latero-medial (LM), posterior-anterior (PA), and anterior-posterior (AP) direction to preferentially activate corticospinal axons directly and early and late synaptic inputs to corticospinal neurons, respectively. We found that AP-LM MEP latency differences were consistently longer during power grip compared with index finger abduction and precision grip, while PA-LM differences remained similar across tasks. Short-interval intracortical facilitation, targeting AP but not PA inputs, increased during power grip compared with other tasks. Our novel findings suggest that cortical structures activated by PA and AP stimuli are differentially active during precision and power grip. We propose that a preferential recruitment of late synaptic inputs to corticospinal neurons may be achieved when humans perform a power grip.
Introduction
The corticospinal tract and the primary motor cortex (M1) contribute to the control of finger muscles during a variety of grasping behaviors (Lemon 2008) . Electrophysiological studies in primates showed that corticospinal neurons from M1 are significantly active during tasks requiring fractionated digit movements, such as a precision grip (Muir and Lemon 1983; Bennett and Lemon 1996) . In agreement, studies in humans showed that damage to the corticospinal tract and the M1 reduced the ability to perform dexterous finger movements Schieber 2003, 2004) . Evidence also showed that differences exist in the population of corticospinal neurons from M1 contributing to the control of a power grip compared with more dexterous finger manipulations. For example, some corticomotoneuronal cells are more active during a precision grip while others are more active during a power grip, even though both corticomotoneuronal cells facilitated the same target muscles (Muir and Lemon 1983) . Importantly, in humans, responses from the M1 changed to a different extent during precision and power grip (Datta et al. 1989; Flament et al. 1993) . However, limited information exists on cortico-cortical influences on corticospinal responses during different grasping behaviors.
Studies in humans have shown that different descending volleys can be elicited by a single transcranial magnetic stimulation (TMS) pulse depending on the current flow across the hand representation of the M1. TMS-induced electric currents flowing from posterior to anterior (PA) across the central sulcus preferentially evoke highly synchronized corticospinal activity whereas currents flowing from anterior to posterior (AP) preferentially evoke less synchronized and in some cases delayed corticospinal activity (Day et al. 1989; Sakai et al. 1997; Di Lazzaro et al. 2001) . Thus, it has been proposed that it is possible to activate 2 separate sets of synaptic inputs to corticospinal neurons (for specific reviews see Di Lazzaro et al. 2012; Di Lazzaro and Ziemann 2013; Di Lazzaro and Rothwell 2014) . The characteristics of PA inputs resemble the early I-waves while AP inputs resemble the late I-waves recorded in animal studies (Patton and Amassian 1954; Kernell and Chien-Ping 1967) . The interval between I-waves in primates (Maier et al. 1997 ) and humans (Di Lazzaro et al. 1998 ) is similar. Also, short-latency excitatory inputs from nonprimary motor cortical areas summate well at times that coincide with the peak of I-wave output in primates (Shimazu et al. 2004 ) and humans (Groppa et al. 2012) . Paired-TMS pulses can also be precisely timed at interstimulus intervals that possibly target PA and AP synaptic inputs to corticospinal neurons (Tokimura et al. 1996; Ziemann et al. 1998) . The characteristics of this inhibitory network share properties of GABAergic cells recorded in animal studies (Hasenstaub et al. 2005) . Thus, the goal of the present experiments was to investigate influences from cortical synaptic inputs on corticospinal responses, those activated by PA and AP directed currents, during precision and power grip.
Differences have been suggested in the contribution of corticocortical mechanisms to grasping behaviors in humans. For example, evidence showed that intracortical inhibition is modulated to a different extent during index finger abduction and a precision grip (Kouchtir-Devanne et al. 2012; Bunday et al. 2014 ) and during precision and power grip (Tazoe and Perez 2015) . The size of a TMS-induced peak, possibly reflecting activation of AP synaptic inputs to corticospinal neurons, change differentially during the preparatory phase of a precision and a power grip (Cattaneo et al. 2005) . Furthermore, cutaneous afferent input, which modulate early and late I-waves to a different extent (Tokimura et al. 2000) , change during more and less precise finger manipulations (Datta et al. 1989; Johansson et al. 1994) . Based on this information, we hypothesized that 2 separate interneuronal circuits within M1 (i.e., PA and AP sensitive inputs) contribute differently to performance of a precision grip and a power grip.
Materials and Methods

Subjects
A total of 23 healthy right-handed volunteers (mean age: 31.7 ± 2.0, 7 females) participated in the study. All subjects gave written informed consent prior to participation, which was approved by the local ethics committee at the University of Miami in accordance with the guidelines established in the Declaration of Helsinki. We quantified the latency of motor evoked potentials (MEPs) elicited by PA and AP directed currents during precision and power grip and compared them to latencies of MEP evoked by direct stimulation of corticospinal axons using latero-medial (LM) currents. Paired-TMS was used at interstimulus intervals targeting PA and AP synaptic inputs. Index finger abduction was used as a control task since MEP latencies across different coil orientations and the effect of paired-pulse stimulation are well established during this task. Note that 18 subjects were initially enrolled in the study and they completed all coil rotation main experiments. Since only 12 on them were able to return for additional testing 5 more subjects were added to the list making a total of 23 subjects.
EMG Recordings
Surface electromyographic (EMG) was recorded from the first dorsal interosseous (FDI) and abductor pollicis brevis (APB) muscles of the right hand through electrodes secured to the skin over the belly of each muscle (Ag-AgCl, 10 mm diameter). The signals were amplified (×200), filtered (30-2000 Hz), and sampled at 5 kHz (CED 1401 with Signal software, Cambridge Electronic Design, Cambridge, UK) and stored on computer for offline analysis.
Experimental Setup
Subjects were seated with both arms flexed at the elbow by 90°. Testing was completed when subjects performed index finger abduction, precision grip, and power grip in a randomized order (Fig. 1A) . During index finger abduction, individuals were instructed to press with the index finger against a custom lever into the abduction direction with the forearm pronated and the wrist restrained by straps. In the precision grip task, subjects were asked to grasp a small cylinder (diameter: 6mm, length: 31 mm, weight: 1.36 g; Bunday et al. 2014) between the thumb and index finger while the forearm was maintained in the neutral position and the wrist was restrained by straps. During power grip, subjects were instructed to grasp the same small cylinder within the hand while all fingers were flexed at the metacarpophalangeal and proximal interphalangeal joints with the forearm maintained in the neutral position and the wrist restrained by straps. Subjects were asked to maintain the cylinder in vertical position during precision and power grip. During all tasks subjects were instructed to maintain~5% of maximal voluntary contraction (MVC) in the FDI muscle (P = 0.7). At the start of the experiment subjects performed 2-3 brief MVCs for 3-5 s with the index finger into abduction separated by 30 s. EMG activity from the FDI muscle was displayed continuously on an oscilloscope and verbal feedback was provided to the subjects to ensure that physiological measurements were acquired at similar level of background EMG activity. The FDI muscle was selected for testing because it is highly involved in all motor tasks examined and it is sensitive to detect taskdependent changes in corticospinal drive across similar conditions (Bunday et al. 2014; Tazoe and Perez 2015; Perez and Rothwell 2015) . The position of the thumb differs during both grasping tasks. In the power grip, the thumb is adducted at both metacarpophalangeal and carpometacarpal joints and in the precision grip is abducted at both joints (Napier 1955) . Therefore, EMG activity from the APB muscle was also monitored by the experimenter to ensure that the same strategy and magnitude of voluntary activity was maintained across time and grasping tasks. EMG activity in FDI and APB muscles was similar when participants executed a precision grip and a power grip (precision grip: FDI = 5.1 ± 0.7%, APB = 5.9 ± 4.6%, P = 0.4; power grip: FDI = 5.1 ± 0.7%, APB: 4.1 ± 2.3%, P = 0.1). The APB muscle was less active during index finger abduction (2.1 ± 1.6%) compared with precision (5.9 ± 4.2%, P < 0.005) and power (4.1 ± 2.3%, P < 0.001) grip. A familiarization trial was completed at the start of each experiment to ensure that subjects were able to complete tasks using the required level of EMG activity. A total of 4.1 ± 1.5% trials in which mean rectified EMG activity were ± 2 SD of the mean EMG, measured 100 ms before the stimulus artifact, were excluded from further analysis (Bunday et al. 2014 ).
Transcranial Magnetic Stimulation
Transcranial magnetic stimuli were applied using a figure-ofeight coil (loop diameter 70 mm) through a Magstim 200 2 magnetic stimulator (Magstim, Whitland, Dyfed, UK) with a monophasic current waveform. As previous studies, single-pulse TMS was used to activate different sets of synaptic input to corticospinal neurons by changing the current flow across the hand area of the M1 (Sakai et al. 1997; Di Lazzaro et al. 2001; Hamada et al. 2013; Volz et al. 2014 ). The following 3 coil orientations were tested during~5% of MVC: 1) a figure-of-eight coil was held tangentially on the scalp at an angle of 45°to the midline with the handle pointing laterally and posteriorly (PA induced current in the brain), 2) the position of the figure-ofeight coil handle was reversed around the intersection of coil windings by placing the coil 180°to the PA currents (AP induced current in the brain), and 3) the handle of the coil was held leftwards 90°from the midsagittal line (LM induced current in the brain) (Fig. 1B) . Measurements were performed at the hotspot determined by PA currents since it was shown that the direction of the current does not significantly influence the position of the hotspot (Sakai et al. 1997; Arai et al. 2005 ). This optimal scalp position determined by PA currents was then marked on a cap placed on the head with a pen for reference and it used as a reference to rotate the coil to elicit MEPs in other coil directions (Hamada et al. 2013 . The coil was firmly secured to the head of the subject by a custom coil holder, with the head secured to a headrest by straps to limit head movement. Hand motor tasks were tested in a randomized order and in each task measurements involving different coil orientations were also randomized. TMS measurements included active motor threshold (AMT), onset latency and amplitude of MEPs, tested at each coil orientation and during each task. Short-interval intracortical facilitation (SICF) was tested with PA and AP coil orientations during index finger abduction and power grip.
Motor Evoked Potentials
AMT was determined at the minimum stimulus intensity required to elicit MEP > 200 µV peak-to-peak amplitude above the background EMG activity in at least 5 out of 10 consecutive trials in the contracting FDI muscle (Rothwell et al. 1999) . During index finger abduction, AMT was different across coil orientations (PA = 46.8 ± 11.2%, AP = 62.4 ± 12.9%, and LM = 54.9 ± 12.5%; F 2,34 = 47.0, P < 0.001). Here, AMT was lower for PA than for LM (P < 0.005) and AP (P < 0.001) and for LM than for AP (P < 0.001) directed currents. No differences were found in AMT across tasks (F 1.5,25.4 = 1.0, P = 0.4). Because AMT was similar between tasks across coil orientations, we used the AMT determined during index finger abduction to set the stimulation parameters across tasks in each coil orientation. TMS intensities near threshold for PA currents preferentially activate early I-waves while for AP currents preferentially activate late I-waves. When this is tested during low levels of voluntary contraction, where spinal motoneuron excitability is increased, the effect of temporal summation of descending volleys at the spinal level is minimized (Wilson et al. 1996; Sakai et al. 1997) . Therefore, MEPs were tested during~5% of MVC using TMS intensities of 150% of the AMT for LM and 110% of the AMT for PA and AP coil orientations (Hamada et al. 2013) . A higher stimulus intensity was used for LM to ensure that corticospinal neurons were directly stimulated (D-wave) at this coil orientation (Werhahn et al. 1994) . MEP onset latency was measured for individual trials in each subject and condition. The MEP onset was defined as the time point where rectified EMG signals exceeded 2 SD of the mean background EMG, measured 100 ms before the stimulus artifact. The onset latency of MEPs elicited by PA and AP directed currents was compared with LM to calculate the difference in onset latencies between PA-LM and AP-LM as a measure of early and late I-wave recruitment, respectively. We quantified the variability of MEP latencies during each task at each coil rotation by analyzing MEP latency SD, referred as to onset latency dispersion. MEP amplitudes were also determined in all participants for each coil orientation and task. We found that MEP size was decreased during power grip compared with index finger abduction and precision grip and changes in MEP size can influence MEP latencies (Day et al. 1989; Di Lazzaro et al. 2001) . Therefore, in a control experiment we tested MEP latencies by adjusting the MEP size across tasks (n = 15). These subjects were a subgroup from the initial 18 subjects enrolled in the study. Single TMS pulses were delivered at 0.2 Hz and 20 MEPs were averaged in each coil orientation for each task, with a total of 180 trials for each participant.
Short-Interval Intracortical Facilitation
To further examine the contribution of separate synaptic inputs to corticospinal neurons we tested SICF using an interstimulus interval between the test (S1) and the conditioning (S2) stimulus of 1.3 ms (first SIFC peak; Tokimura et al. 1996; Ziemann et al. 1998 ) with the coil positioned in the PA and AP direction. Importantly, for the first SICF peak in the PA direction the summation may be due to the I2 wave recruited by the S1 and the I1 wave recruited by the S2. Whereas in the AP direction, the summation may be due to the I3 wave recruited by the S1 and I2 wave recruited by the S2 (Deletis et al. 2001; Hanajima et al. 2002) . The S1 was set at 105% of AMT whereas the S2 was set at 90% of AMT. Because we did not find differences in early and late I-wave recruitment between index finger abduction and precision grip, SICF was only measured during index finger abduction and power grip. We used the AMT determined during index finger abduction as reference to set S1 and S2 stimulation parameters in both tasks. Since MEP size was decreased during power grip compared with index finger abduction (S1 MEP amplitude: index finger abduction: 0.6 ± 0.1 mV, power Grip: 0.5 ± 0.2 mV, F 1,16 = 13.1, P = 0.002) here we also tested SICF (n = 10 for PA and n = 13 for AP; these subjects were a subgroup from the initial 18 subjects enrolled in the study) by adjusting the S1 MEP size across tasks (S1 adjusted MEP amplitude, power grip: 0.6 ± 0.2 mV, F 1,16 = 0.01, P = 0.9).
Data Analysis
Normal distribution was tested by the Shapiro-Wilk's test and homogeneity of variances by the Levene's test of equality and Mauchly's test of sphericity. When normal distribution could not be assumed data was log transformed. When sphericity could not be assumed the Greenhouse-Geisser correction statistic was used. A two-way repeated measures ANOVA was performed to determine the effect of TASK (index finger abduction, precision grip, power grip) and COIL ORIENTATION (LM, PA, AP) on MEP latency. A two-way repeated measures ANOVA was performed to determine the effect of TASK and LATENCY DIFFERENCE (PA-LM, AP-LM) on I-wave recruitment and the effect of TASK and COIL ORIENTATION on background EMG activity, AMT, and onset latency dispersion. A two-way repeated measures ANOVA was also performed to determine the effect of SICF COIL (PA, AP) and TASK on the amplitude of the first SICF peak and background EMG activity. A Pearson correlation analysis was used as needed. The significance level was set at P < 0.05 and group data are presented as mean ± SD in the text. Figure 2A illustrates examples of MEP latencies recorded in a representative subject from the contracting FDI muscle during index finger abduction (black), precision grip (grey) and power grip (light grey) with the TMS coil oriented in LM (left), PA (middle), and AP (right) direction. Note the similarities in MEP latencies at each coil orientation during index finger abduction and precision grip compared with power grip.
Results
MEP Latency
Repeated measures ANOVA showed a significant effect of TASK (F2,34 = 37.9, P < 0.001), COIL ORIENTATION (F 1.4,23.4 = 111.9, P < 0.001) and in their interaction (F 4,68 = 5.0, P < 0.005, Fig. 2B ) on MEP latency. Post hoc analysis revealed that overall MEP latencies elicited with the coil in the LM direction were significantly shorter compared with the PA (LM: 21.8 ± 1.8 ms, PA: 23.4 ± 1.9 ms, P < 0.001) and AP (24.7 ± 1.9 ms, P < 0.001; Fig. 2B ) direction. PA MEP latencies were shorter compared with AP (P < 0.001; Fig. 2B ). We also compared MEP latencies in each coil orientation in each task. Here, we observed in the LM direction, that the latency of MEPs were longer when participants performed power grip (22.3 ± 1.7 ms) compared with index finger abduction (21.7 ± 1.7 ms, P < 0.001) and precision grip (21.8 ± 1.8 ms; P < 0.005; Fig. 2B ) with no differences between index finger abduction and precision grip (P = 0.3). In the PA direction, MEP latencies were also prolonged during power grip (23.8 ± 1.9 ms) compared with index finger abduction (23.2 ± 1.9 ms, P < 0.005) and precision grip (23.4 ± 1.9 ms, P = 0.02; Fig. 2B ) with no difference between index finger abduction and precision grip (P = 0.1). Finally, in the AP direction, MEP latencies continued to be longer during power grip (25.4 ± 1.8 ms) compared with index finger abduction (24.3 ± 1. 9, P < 0.001) and precision grip (24.5 ± 1.8 ms, P < 0.001; Fig. 2B ) and similar between index finger abduction and precision grip (P = 0.6). Importantly, note that the lengthening in MEP latencies during power grip compared with the other tasks was present in all coil orientation but this was more prolonged in the AP (by 1.0 ± 0.6 ms) compared with PA (by 0.5 ± 0.6 ms, P < 0.005) and LM (by 0.5 ± 0.4 ms, P < 0.001) direction. Figure 3A shows EMG traces recorded from the FDI muscle in a representative subject across tasks. MEPs elicited with the TMS coil oriented in the LM (black), PA (grey) and AP (light grey) direction are superimposed. Note that AP-LM MEP latency differences were prolonged during power grip compared with precision grip and index finger abduction.
I-Wave Recruitment
Repeated measures ANOVA shows a significant effect of LATENCY DIFFERENCE (F 1,17 = 33.8, P < 0.001), TASK (F 2,34 = 5.6, P = 0.01) and in their interaction (F 2,34 = 4.8, P = 0.01) on I-wave recruitment. Post hoc analysis revealed that PA-LM MEP latency differences were similar across tasks (index finger abduction: 1.5 ± 0.6 ms, precision grip: 1.6 ± 0.5 ms, P = 0.7, power grip: 1.6 ± 0.5 ms, P = 1; Fig. 3B ). Notably, AP-LM MEP latency differences were prolonged during power grip compared with index finger abduction and precision grip (power grip: 3.2 ± 1.0 ms; precision grip: 2.7 ± 1, P = 0.009; index finger abduction = 2.7 ± 1.0 ms, P = 0.006; Fig. 3B ). Note that during power grip the majority of participants showed longer AP-LM latency differences compared with index finger abduction (16/ 18 subjects) and precision grip (13/18 subjects; Fig. 3C) . A negative number indicates that a subject showed shorter AP-LM latency differences during precision or power grip compared with index finger abduction and a positive number indicates longer latency differences during precision or power grip compared with index finger abduction. See that AP-LM, but not PA-LM, latency differences were consistently longer in most subjects during power grip (black line, positive numbers) than during index finger abduction (Fig. 3C) . A positive correlation was found between AP-LM (r = 0.8, P < 0.001) but not PA-LM (r = 0.4, P < 0.07) MEP latency differences during precision and power grip. Background EMG amplitude was similar across TASKS (index finger abduction: 5.1 ± 0.8%, precision grip: 5.1 ± 0.7%, power grip: 5.1 ± 0.7%; F 1.2,21.4 = 0.4, P = 0.5) and COIL ORIENTATIONS (LM: 5.2 ± 0.9%, PA: 5.0 ± 0.7%, AP: 5.0 ± 0.6%; F 1.3,22.9 = 1.6, P = 0.2). A two-way repeated measures ANOVA revealed a significant effect of COIL ORIENTATION (F 1.2,20.7 = 72.1, P < 0.001), TASK (F 2,34 = 4.8, P < 0.005) but not in their interaction (F 2.1,35.8 = 1.0, P = 0.4) on MEP size. We found an effect of TASK on MEP size elicited when the coil was oriented in the AP direction (F 2,34 = 5.5, P = 0.009). Post hoc analysis revealed that MEP size decreased when participant executed a power grip (1.1 ± 0.5 mV) compared with index finger abduction (1.6 ± 0.7 mV, P = 0.04) and precision grip (1.5 ± 0.8, P = 0.03; Fig. 4A ,B, MEPs from a representative subjects). In a control experiment we matched MEP amplitude across tasks (F 1.4,19.6 = 0.8, P = 0.4; index finger abduction: 1.2 ± 0.5 mV, precision grip: 1.2 ± 0.6 mV, power grip: 1.1 ± 0.5 mV; Fig. 4D ). Here, a two-way repeated measures ANOVA showed a significant effect of LATENCY DIFFERENCE (F 1,16 = 36.4, P < 0.001), not TASK Comparison between MEP latency elicited in the FDI muscle for a representative subject during all tasks when the coil was oriented in the AP and LM direction and MEP amplitudes were matched across tasks. Waveforms represent the average of 20 trials. (F) Group data (n = 15) shows AP-LM MEP latency difference during index finger abduction, precision grip and power grip in the control experiment, when MEP amplitudes were matched across motor task. Note that AP-LM MEP latency difference were significantly longer during power grip compared with index finger abduction and precision grip when MEP amplitudes were matched. Error bars indicate SEs. *P < 0.05.
(F 2,32 = 1.4, P = 0.2) but in their interaction (F 2,32 = 3.4, P = 0.04) on I-wave recruitment. AP-LM MEP latency differences were longer during power grip compared with index finger abduction and precision grip (power grip: 3.2 ± 0.9 ms; precision grip: 2.8 ± 0.9, P = 0.02; index finger abduction=2.8 ± 0.9 ms, P = 0.02; Fig. 4E, representative subject, Fig. 4F , group data) when MEPs were matched. Indeed, AP-LM MEP latency differences were similar with and without MEP adjustments (P = 0.9; Fig. 4C-F) . Figure 5A shows individual onset latency distribution during index finger abduction (black bars), precision grip (green bars) and power grip (purple bars) when the coil was oriented in LM (left), PA (middle) and AP (right) direction. Note that MEP latency dispersion was similar across tasks but larger for AP compared with PA and LM direction. A two-way repeated measures ANOVA showed a significant effect of COIL ORIENTATION (F 2,34 = 52.7, P < 0.001) but not of TASK (F 2,34 = 0.4, P = 0.7) on MEP onset latency dispersion. Post hoc analysis revealed that latency dispersion was higher with the coil oriented in the AP (1.1 ± 0.3) compared with PA (0.8 ± 0.3, P < 0.001) and LM (0.5 ± 0.2, P < 0.001; Fig. 5B ) direction. Figure 6A illustrates examples of test (black) and conditioned (gray) MEPs recorded from the FDI muscle of a representative subject across conditions tested. Note that the size of the conditioned MEP was significantly larger during power grip compared with index finger abduction when the TMS coil was oriented in the AP but not in the PA direction.
MEPs Onset Latency Dispersion
Short-Interval Intracortical Facilitation
Repeated measures ANOVA revealed no effect of TASK (F 1,16 = 2.0, P = 0.1) and SICF COIL (F 1,16 = 0.01, = 0.9) but a significant interaction (F 1,16 = 6.6, P = 0.02) on the first SICF peak amplitude. We found that the amplitude of the conditioned MEP tested with the coil in the AP direction increased during power grip compared with index finger abduction (index finger abduction: 377.4 ± 148.9%, power grip: 452.1 ± 201.5%, P = 0.01; Fig. 6B ). No differences were found when MEPs were elicited with the coil in the PA direction (index finger abduction: 427.1 ± 257.5%; power grip: 397.9 ± 277.7%, P = 0.3; Fig. 6B) . Notably, the same results were obtained when we adjusted the size of the S1 MEP across task [TASK (F 1,16 = 2.5, P = 0.1); SICF COIL (F 1,16 = 0.01, P = 0.09); interaction (F 1,16 = 5.7, P = 0.03)]. Again, conditioned MEPs increased during power grip when compared with index finger abduction when the TMS coil was in the AP (index finger abduction: 377.4 ± 148.9%, power grip: 454.0 ± 188.3%, P = 0.02) but not PA (index finger abduction: 427.14 ± 257.5%; power grip: 407.55 ± 264.3, P = 0.4; Fig. 6B ) direction. Background EMG amplitude was similar across tasks (index finger abduction = 4.9 ± 0.3%, power grip = 4.9 ± 0.3%; F 1,33 = 0.6, P = 0.4) and coil orientations (PA: 4.9 ± 0.2%, AP: 4.9 ± 0.3%; F 1,33 = 0.7, P = 0.3).
Discussion
Our findings indicate that cortical structures targeted by PA and AP directed currents are preferentially active during precision and power grip, respectively, in humans. We found that AP-LM MEP latency difference was consistently longer during power grip compared with index finger abduction and precision grip. Notably, PA-LM MEP latency differences remained similar across all hand motor tasks tested. The first SIFC peak tested with the coil in the AP but not in the PA direction increased during power grip compared with index finger abduction, suggesting that late I-wave circuits were differentially engaged during these tasks. Based on this results, we propose that a preferential recruitment of AP synaptic inputs to corticospinal neurons, likely reflecting late I-wave interactions, may be achieved when humans perform a power grip.
Contribution of AP and PA Synaptic Input During Precision and Power Grip
A first question to address in our study is whether our results found during index finger abduction, our control task, were similar to previous findings. Consistent with previous studies, we found that latencies of MEPs elicited by PA and AP stimulation were around 1.5 and 2.7 ms longer compared with LM stimulation during tonic activation of an intrinsic finger muscle (Sakai et al. 1997; Hamada et al. 2013; Volz et al. 2014; McCambridge et al. 2015) . These results are compatible with the known latency differences between D-wave and early and late I-waves recorded from the epidural space (Di lazzaro et al. 2001) . This is also consistent with the latency of peaks in peristimulus time histograms of single motor units evoked during similar coil orientations (Day et al. 1989; Sakai et al. 1997) . It is thought that responses evoked with the TMS coil oriented in the PA direction preferentially activate early I-waves and in the AP direction later I-waves, suggesting that it is possible to activate 2 different sets of synaptic inputs to corticospinal neurons (for specific reviews see Di Lazzaro et al. 2012; Di Lazzaro and Ziemann 2013; Di Lazzaro and Rothwell 2014) . Evidence showed that AP-LM MEP latency differences are more variable than PA-LM latency differences across individuals. While studies showed AP-LM mean MEP latency differences of 3.2 ms (Volz et al. 2014; Wiethoff et al. 2014 ) and 2.7 ms (McCambridge et al. 2015 ) the range can varied from~0.5 to 6 ms. Note that Hamada and collaborators (2013) conducted a study in a large number of subjects and found 2 cluster of subjects with AP-LM MEP latency differences either close to 4 or 2.5 ms. Thus, consistent with previous studies, our results indicate that in our control task we were able to target 2 separate sets of synaptic inputs to corticospinal neurons.
An important question is why AP-LM MEP latency differences were prolonged during power grip compared with index finger abduction and precision grip? Because the increased AP-LM MEP latency difference during power grip was within the range of late I-waves (Day et al. 1989) it is possible that our results involved these late synaptic inputs projecting to corticospinal neurons. This is supported by our results showing that the first SICF peak tested with the coil in the AP, but not in the PA, direction increased during power grip compared with index finger abduction. Evidence agree that changes in the first SICF peak measured with the coil in the PA and AP direction likely reflect activity on different mechanisms, with the PA direction reflecting preferential summation of early I-waves and the AP direction of late I-waves (Deletis et al. 2001; Hanajima et al. 2002) . Thus, one possible interpretation of our results is that AP less synchronized synaptic inputs were preferentially activated during the power grip task. This is consistent with results showing that a later SICF peak change to a different extent during the preparatory phase of a precision and power grip movement (Cattaneo et al. 2005) . Evidence also showed that AP-LM MEP latency differences correlate with functional connectivity between M1 and frontal areas (Volz et al. 2014 ), brain regions that are more active during power grip compared with precision grip (Ehrsson et al. 2000) . The possibility that more dispersed descending activity was evoked during power grip in the AP direction is also suggested by epidural recordings after a paired-pulse protocol testing intracortical facilitation showing that changes in MEPs size were not accompanied by changes in the amplitude and number of descending corticospinal waves (Di Lazzaro et al. 2006; Ni et al. 2011) . Therefore, AP currents might reflect activation of a large range of synaptic inputs from other brain areas active during power grip. It is also important to consider that previous electrophysiological work in primates has suggested that differences exist in the population of corticospinal neurons contributing to the control of a power grip compared with more dexterous finger movements. For example, some corticomotoneuronal cells highly active during a precision grip are less active during a power grip (Muir and Lemon 1983) . Also, in primates corticospinal neurons are differentially active during more and less precise grasping behaviors (Lemon 1981; Buys et al. 1986 ) and in humans, responses from the M1 distinctly changed during precision and power grip (Datta et al. 1989; Flament et al. 1993; Tazoe and Perez 2015) . Thus, another possibility is that during power grip different descending motor pathways were also engaged. Evidence showed that propriospinal (C3-C4) and segmental interneurons as well as the reticulospinal tract contribute to the control of the hand (Baker 2010) . Reticulospinal neurons make direct and indirect synaptic connections with spinal motoneurons controlling intrinsic finger muscles (Riddle et al. 2009 ) and due to their extensive collateralization (Peterson et al. 1979; Matsuyama et al. 1997 ) they might be better suited for gross hand manipulations such as a power grip. If different descending fibers and sets of cortical neurons are activated by the AP coil orientation, it is possible that dispersion occurring in descending tracts and their inputs to spinal motor neurons have contributed to the present results. In humans, the relative duration of poststimulus time histogram (PSTH) peaks to cortical electrical stimulation produced at 1-2 and 4-5.5 ms are different (Day et al. 1989) , suggesting that the dispersion of corticospinal cells contributing to both peaks differ. One could also argue that differences in latencies of spinal motoneurons EPSPs of~0.2-0.4 ms showed in primates by reticulospinal and pyramidal tract stimulation (Riddle et al. 2009 ) might reflect differences in the dispersion across these descending tracts. Thus, it is possible that the small increase of~0.3 ms found in the dispersion of MEPs in the AP compared with the other coil orientations involves different descending contributions to the power grip task. It is less likely that the additional increase in AP-LM MEP latency difference was related to some methodological factors. We found that MEP size decreased during power grip compared with index finger abduction and changes in MEP size can influence MEP latencies (Day et al. 1989; Di Lazzaro et al. 2001 ).
However, our control experiment revealed that a similar lengthening in the AP-LM latency difference was present at matched MEP size. It has been also shown that late volleys have increased variability in their recruitment in animals (Kernell and Chien-Ping 1967) and humans (Di Lazzaro et al. 2001) . However, we found that the dispersion of MEP latencies tested by AP induced current, although larger than in the other conditions, it was similar across tasks. Another important consideration is the possibility that a D-wave contributed to MEP latencies tested with the coil in the AP orientation since stronger stimulus intensities were used here due to the higher AP threshold. PSTHs showed that a D-wave can be present at TMS intensities close to threshold when the coil is in the AP orientation (Sakai et al. 1997 ). Although we cannot completely exclude this possibility, we think that it is less likely that a D-wave contributed to AP MEP latencies. We found that MEP latencies were 1.3 to 4.8 ms longer in the AP compared with the LM direction across tasks. Epidural recordings showed that with increments of TMS intensity the latency of the magnetic D-wave remains the same or it can be slightly changed by < 0.5 ms (Burke et al. 1993) . Also, the latency of MEPs elicited by either cathodal or anodal electrical stimulation over the M1 does not chance with increasing stimulus intensities in most subjects (Day et al. 1989 ). This agrees with evidence showing that D-waves in fast conducting axons have a remarkably consistent latency jitter of <0.2 ms (Edgley et al. 1997) . When a slight increase in EMG activity was present, prior to an MEP in the AP direction, its onset was closer to MEP latencies in the PA direction, suggesting that this might be related to early descending volleys that can be detected in some subjects. We also have to consider that we used a fixed interval of 1.3 ms when we tested the first SICF peak and the precise timing of SIFC peaks can vary from subject to subject. However, there was significant facilitation at this interval in the PA and AP direction indicating that SIFC was clearly present. Also, previous results showed that SIFC was significantly present in the PA and AP direction at intervals pertaining to the I1-wave including 1.3 ms (Wagle-Shukla et al. 2009; Delvendahl et al. 2014) , suggesting that it is less likely that testing specific SIFC peaks in individual subjects will generate different results. Evidence showed that cortical and corticospinal excitability in intrinsic muscles can be affected by changes in posture and activation of forearm muscle during grasping (Gagné and Schneider 2007; Perez and Rothwell 2015) . Different forearm muscles distinctly contribute to the performance of precision and power grip (Hasegawa et al. 2001 ) and different muscles show different spatiotemporal patterns of contraction during grasping resulting in selective movement of the digits (Maier and Hepp-Reymond 1995) . Thus, complex interactions of cross-joint muscles might also affect MEP amplitudes and latencies in different TMS coil orientations and needs to be considered in future studies. Regardless of the specific mechanism contributing to the longer AP-LM MEP latency differences during power grip, our findings for the first time show that a preferential recruitment of late synaptic inputs to corticospinal neurons may be achieved when humans perform a power grip.
We also found that PA-LM MEP latency differences remained similar across all hand motor tasks tested. Early Iwaves are thought to originate from stimulating neurons with a monosynaptic excitatory connection to corticospinal neurons (Di Lazzaro et al. 2012) . PA directed currents in the brain preferentially activates early I-waves with a relatively shorter MEP latency compared with AP, but still longer than LM directed currents. The similarity on PA-LM latency differences across tasks suggest that early synaptic inputs to corticospinal neurons were similarly activated during these hand behaviors. A plausible explanation for our results is that PA compared with AP inputs have a different role during power grip. This agrees with evidence showing that early I-waves are less sensitive to cutaneous afferent inputs (Tokimura et al. 2000) and these afferent inputs are largely involved in grasping manipulations (Datta et al. 1989; Johansson et al. 1994 ).
Functional Considerations
What does it mean to have a longer AP-LM MEP latency difference during a power grip? Although the functional relevance of these MEP latency differences remain unclear recent studies in humans have suggested that changes in MEP latencies across different coil orientations might provide insights into the ability to induce plasticity (Hamada et al. 2013; Wiethoff et al. 2014; McCambridge et al. 2015) and motor learning . Participants with a small difference in AP-LM MEP latency are presumed to preferentially recruit early I-waves with TMS, whereas those individuals with a large difference in latency preferentially recruit later I-waves with TMS. It was proposed that individuals with longer AP-LM latency differences might be better candidates for inducing cortical plasticity (Hamada et al. 2013; Wiethoff et al. 2014) . In agreement, we found a strong correlation between AP-LM but not PA-LM MEP latency differences during power grip and precision grip, suggesting that AP synaptic inputs were more responsive to taskdependent changes during grasping manipulations.
MEP latency differences across different coil orientations as well as SIFC may reflect activity in cortico-cortical pathways transmitting information from other cortical areas (Groppa et al. 2012; Volz et al. 2014) . It was reported that changes in a late SICF peak targeting AP synaptic input can reflect some information about aspects of an upcoming precision and power grip movement (Cattaneo et al. 2005) . Thus, our results showing a preferential involvement of late synaptic input to corticospinal neurons during power grip may open new behavioral targets for protocols aiming to change synaptic plasticity using paired-pulse stimulation (Thickbroom et al. 2006; Cash et al. 2009 ) during grasping behaviors. This might be particularly relevant for individuals with motor disorders such as incomplete spinal cord injury in whom the temporal and spatial characteristics of late MEP peaks are disrupted compared with control subjects (Cirillo et al. 2016) .
